A series of undoped nanocrystalline ZnO particles were successfully synthesized at various dry temperatures (100˚C -600˚C) using coprecipitation method. The samples were characterized using a variety of experimental methods such as x-ray diffraction (XRD), energy dispersive x-ray spectroscopy (EDX), thermal analysis TG-DTA, UV-vis spectroscopy, infrared absorption spectroscopy (FTIR) and electron spin resonance spectroscopy (ESR). According to XRD analysis, all of our ZnO samples posses the hexagonal wurzite structure with average crystallite size increased ranging from 19 -23 nm as dry temperature increased. Optical absorption spectra show that the band gap shifted to the lower energy with increasing crystallite size. ESR measurements showed the resonance of electron centers with the g values of about 1.96. With increasing dry temperature we observed the decrease of the g values and the increase of the intensities of the ESR signal. In addition an increase in dry temperature results in a pronounce decrease of OH local vibrational modes. The results from ESR measurements are well supported by the results obtained from Infrared absorption spectroscopy and thermal analysis measurements.
Introduction
Although the interest of research in semiconductor ZnO has started in 1935 [1] , it was first in 1950s did it gain more credence mainly due to its optical properties [2] . In many respects ZnO stands somewhat between the heteropolar alkali halides and the homopolar semiconductors group IV elements, and it is often considered as an electronic semiconductor with a large band gap. Thus, replacement of zinc atoms by an element of group I-A or I-B or oxygen atoms by an element group V-A, should result in the formation of acceptor centers, while replacement of zinc atoms by an element of group III-A or oxygen atoms by an element group VII-A, should lead to the formation of donor centers [3] as well as zinc and oxygen vacancies could act as acceptor and donor, respectively. Recently, it was shown that ZnO possess superior properties such as a high exciton binding energy combined with a low lasing threshold density and a good resistance to bombardment with high energy particles [4] . It is one of the promising candidates as a serious alternative to GaN for use in optoelectronic devices and UV lasers operating at high temperatures and harsh environments. However, almost all optoelectronic applications require the control of conductivity from n-type to p-type. One of the major obstacles that have to be overcome to allow for successful development of optoelectronic devices and lasers is the difficulty in finding an efficient p-type dopant.
As grown, ZnO is almost always exhibits n type conductivity, with electrons in the conduction band as the charge carriers. The origin of this conductivity has been discussed for years and is still controversial. Traditionally, the nature of this conductivity has been attributed to native defects. However, Van de Walle [5] in his firstprinciples investigation, based on density functional theory suggested that the presence of hydrogen atom in ZnO can act as a shallow donor. This behavior is unexpected and very different from hydrogen's role in other semiconductors, in which it acts only as a compensating center counteracting the prevailing conductivity. The presence of hydrogen in the crystal-growth is not surprising and it is very difficult to avoid its incorporation into the sample during the process of the crystal-growth.
In nanoscale semiconductor materials, ZnO is of ex-traordinary importance and a substantial number of papers have been published reporting on ZnO nanostructure/nanoparticles. As the material becomes smaller it possess additional properties, namely 1) the quantumsize effect, that influences the bandgapsize [6, 7] , and consequently the optical and electronical properties of the materials, and 2) a large ratio of surface to volume relative to bulk materials. The latter property is relevant to hydrogen storage and catalysis. Several synthesis methods of ZnO nano particles have been reported in the past years, such as sol-gel chemistry [8] , sonochemical method [9] , hydrothermal method [10] , combustion method [11] and coprecipitation method [7] . Controlling the synthesis condition is a critical point, because the properties of the nanoparticles are found to vary with synthesis methods. The variation in optical and electronical properties is assigned to different parameter such as pH, aging time, reaction temperature as well as dry temperatures.
In this article we report the synthesis of nanocrystalline ZnO particles obtained using coprecipitation method at various dry temperature and characterize the structural, optical properties, vibrational modes and magnetic resonance of these nanoparticles. Structure is characterized using x-ray diffraction (XRD), optical properties and vibrational modes are studied by UV-vis and infrared absorption spectroscopy, while magnetic resonance are deployed using electron spin resonance (ESR) spectroscopy. Through these measurements we attempt to correlate one property to the others. Our results are compared with those published in the literatures.
Experimental
For the synthesis of undoped ZnO nanoparticles in this study, the zinc sulfate hepta hydrate (99.9%) ZnSO 4 ·7H 2 O, 25% aqueous NaOH and ethanol were used which are procured from Aldrich. All of the chemicals used were analytical reagent grade and were directly used without further purification. Synthesis of ZnO nanoparticles was carried out using coprecipitation method. 24.6 mmol analytical grade of ZnSO 4 ·7H 2 O from Aldrich was dissolved in 250 ml de-ionized water with vigorous stirring at temperature of 80˚C. Simultaneously, appropriate amount of NaOH was dissolved in 500 ml of de-ionized water. Then, both solutions were mixed with constant stirring at temperature of 80˚C for 30 min until a milky white solution was obtained. After the reaction process, the solution was centrifuged at 3000 rpm for 10 min and washed for several times with deionized water and ethanol to remove the by-product sodium sulfate (NaSO 4 ). The precipitate was cooled and aged at room temperature for 24 h. To obtain various concentration of hydrogen the precipitate was dried in a vacuum oven at various dry temperatures, Td (100˚C -600˚C) for 4 h. Some samples were annealed at annealing temperature up to 800˚C for 6 h.
The structural characterization has been carried out by using a standard x-ray diffractometer (Philips PW1710) with monochromatic Cu-Kα λ = 1.54060 Å) radiation operated at 40 kV and 20 mA in the range from 10˚ to 80˚. The calibration of the diffractometer was done using Si powder. The XRD patterns of the specimens were verified by comparison with the JCPDS data. The average size of precipitate crystallites <D> was estimated by using the Scherrer peak broadening method: <D>= kλ/∆ cosΘ, where k = shape factor (0.89), λ is x-ray wavelength, ∆ is line broadening at half-height and Θ is Bragg angle of the particles. The average crystallites size is obtained from the most intense peak, corresponding to (101) reflection by using the Debye-Scherrer formula. Elemental analysis of the samples have been done by energy dispersive x-ray spectroscopy (EDX) using scanning microscope. Optical characterizations were carried out by measuring the diffuse reflectance spectroscopy. All spectra were taken in the range of 200 -800 nm using shimadzu UV-vis spectrophotometer with integrating sphere attachment and spectralon reflectance standard. In order to study the bonding configuration infrared absorption measurements were performed in the spectral range of 400 to 4000 cm −1 using a Shimadzu Fourier transform spectrometer. Pellet made with KBr powder and nanoparticles was used for the infrared absorption studies. To obtain information on defects and vacancies electron spin resonance (ESR) was carried out using X-band JEOL JES-RE1X at room temperature. The shape and the area of the ESR spectra were analyzed by standard numerical methods. Simultaneous thermogravimetric and differential thermal analysis (TGA-DTA) measurements were performed using Setaram TAG 24. The samples were heated from room temperature up to 800˚C at 10˚C·min 
Results and Discussion
Figure 1(a) shows the XRD patterns of samples synthesized by coprecipitation methods with dry temperature Td of 100˚C, 200˚C, 400˚C and 600˚C for 4 h. The spectra are almost equal to the typical XRD spectra of ZnO nanoparticles reported from other experiments [12, 13] . In all our XRD patterns nine peaks are observed around 2Θ = 32. from EDX spectra in Figure 1(b) . In addition to an Oxygen peak at 0.6 keV, Zn signals at about 1.01, 8.7 and 9.5 keV was observed, indicative of successful synthesis of ZnO nanoparticles as already confirmed by XRD data.
The values of lattice parameters calculated from XRD data by using the Rietveld refinement analysis are shown in Figures 2(a) and (b) , respectively. All available reflections were fitted with the Gaussian distribution. Analysis of XRD patterns Figure 1(a) suggested that the lattice parameters for ZnO obtained with dry temperature Td = 100˚C are a = b = 3.255 Å and c = 5.218 Å. There is no significant difference in calculated lattice parameters as dry temperature is increased from 100˚C to 600˚C. These results are slightly higher than the standard JCPDS parameter for bulk ZnO, a = b = 3.2498 Å and c = 5.206 Å. Moreover, a careful analysis of peak positions suggestive a small shifting in its value toward a lower 2Θ with increasing dry temperature, indicating a presence of compressive strain in the samples [14] . It is also shown that for the entire samples the reflection peaks become sharper and the full width at half maximum (FWHM) are slightly decreased with increasing dry temperature.
Using the Scherrer peak broadening method, the average crystallite size obtained are ~18 nm for Td of 100˚C, ~19 nm for Td of 200˚C, ~21 nm for Td of 400˚C and ~23 nm for Td of 600˚C (Figure 2(c) ), thus indicating a little enhancement in average crystallite size at higher dry temperature.
In order to reveal the changes that occured during thermal treatment of the precursor, TG-DTA analysis were carried out from room temperature to 600˚C in atmosphere (see Figure 3) . According to the TG curve the precursor loses its weight in two major steps.
The first major step is in the temperature range below 100˚C and indicated a loss of 3.2 wt% revealing the dehydrogenation process of surface-adsorbed water molecules.
The second step of weight loss (2.6 wt%) appeared in the range of 100˚C -220˚C could be associated with out diffusion of OH − ions or hydrogen atoms from the ZnO network. A further out diffusion of OH − ions or H atoms is observed from a slightly decrease of the TG curve at temperatures higher than 220˚C. Since the total weight loss in the entire thermal analysis study was less than 8 wt% indicating the major amount of ZnO formation during synthesis. The DTA curve of the precursor obtained during thermal treatment exhibits two endothermic peaks correspond to two major weight loss steps of TGA curve.
Optical characterization was carried out by measuring the diffuse reflectance spectroscopy. All spectra were taken in the range of 200 -800 nm. Figure 4 shows the diffuse reflectance spectra R as a function of wavelength for samples shown in Figure 1 (a). Since our samples are powder, the low reflectance values in our spectra indicate high absorption in the corresponding wavelength region.
The data collected at room temperature showed a clear difference between the samples in the region of 350 -800 nm. The significance of this is more visible after applying the Kubelka-Munk function F(R) given by the relation F(R) = (1 − R) 2 /2R, where R is the magnitude of reflectance [15] . The optical gap (inset of Figure 4 ) was estimated from diffuse reflectance spectra by plotting the square of the Kubelka-Munk function F(R) 2 as a function of energy. To obtained the optical gap the linear part of F(R) 2 curve was extrapolated until it intersects the energy axis at F(R) 2 = 0. The optical gap of ZnO dried at 100˚C determined by the above method to be 3.52 eV, which is higher than that for bulk ZnO (3.32 eV). The corresponding optical gaps are seen to be shifted to lower energies with increasing dry temperature. The optical gap of our ZnO samples was found around 3.52 eV for Td of 100˚C, 3.46 eV for Td of 200˚C, 3.38 eV for Td of 400˚C and 3.35 eV for Td of 600˚C. The variation of optical gap in ZnO has been observed by several authors [12, 16] , who is explained that the change in optical gap on the basis of variation of the average particle size.
A typical ESR spectrum of ZnO dried at Td = 200, 400 and 600˚C are shown in Figures 5(a)-(c) , respectively. Almost symmetric resonance was observed, and the resonance shifts to a higher field, which corresponds to the decrease in g-value. The quenching of the linewidth can be seen as the dry temperature is increased. The intensity, on the other hand increased with increasing dry temperature. The ESR signal in the sample dried with Td = 100˚C was found very weak compared to samples dried Although the origin of the signal with these g-values are still unclear, it has been demonstrated in the literature that the paramagnetic signal around g value of 1.96 appears often owing to residual impurities in ZnO (F, Cl, Br and Al, Ga, In; with the g-value being practically independent of the type of impurities) as well as intrinsic defects like oxygen vacancies or Zn interstitial [3, [17] [18] [19] [20] [21] [22] [23] . Recently, Hoffmann et al. [22] to the crystal c-axis), D1 and D2 centers. Using ENDOR technique, it was shown that hydrogen atom is involved in the D1 center. This result was in good agreement with the prediction of van de Walle [5] . However, the origin of D2 center so far remains unknown. In early publications [3, 17, 19] , it was shown that the g value at 1.96 correlates with electron conductivity and originates from shallow donors. Kasai [3] and Hausmann et al. [18] argued that this line are related to the oxygen vacancies, whereas the EPR signal with the g values of g// = 1.9945 and g┴ = 1.9960 was attributed by Hausmann and Schallenberger [18] to the oxygen atom in the tetrahedral interstitial position. Several authors [21, [24] [25] [26] [27] , however associated the EPR signal at g// = 1.9945 and g┴ = 1.9960 to an oxygen vacancy V0 + charge states, that are observed only in irradiated ZnO crystals under illumination and stable up to 400˚C -500˚C annealing.
By comparing our results with the results obtained in the literature above we believed that the g values in our samples correlated with the oxygen sublattices that could be occupied with hydrogen atoms.
At lower dry temperature, almost all oxygen sublattices were occupied by hydrogen, made it difficult to detect the ESR signal. Therefore we could only detect weak ESR signal in samples dried with Td lower than 400˚C. At higher dry temperature the occupation number of hydrogen in the oxygen sublattices is reduced, leaving unoccupied and giving rise to an ESR signals. It is also shown that the integrated area increases essentially with an increase in dry temperatures. Our g-values are in line with the value reported previously from the ZnO single crystal, ceramic and powder [3, 17, 18] . These results showed that the ESR signal at g 1.96 in our samples appears to its fullest intensity without irradiation or/and simultaneous illumination the samples.
To support this hypothesis we have annealed our samples in vacuum in order to diffuse hydrogen out of the samples. The results are displayed in Figure 5 . It is seen that annealing the samples above 400˚C had influenced the intensity of ESR signal as well as integrated area. Both are enhanced with increasing temperature annealing indicating that the number of paramagnetic center are increased with increasing annealing temperatures. We believe therefore our ESR results correspond to oxygen sublattices. The hydrogen atoms occupied the oxygen sublattice is considerable lower in our annealed samples than in the as-grown samples. Our ESR results are supported by the results obtained from infrared absorption spectra.
Infrared absorption measurements allow the study of hydrogen bonding configurations of as grown as well as annealed samples. Typical infrared absorption spectra of samples synthesized at different dry temperatures are displayed in Figure 6 . Also shown is the infrared spectrum for the sample dried at 100˚C for 4 h and further annealed 800˚C for 6 h (curve e). For all as-synthesized samples the strong absorption peaks in the range of 400 -700 cm −1 could be attributed to ZnO stretching modes [28, 29] . These stretching modes are indicative of successful synthesized of nanocrystalline ZnO particles as already confirmed by XRD and EDX studies. At the same time we can also observed an absorption peak around 1646, 1390 and 1121 cm −1 corresponds to OH bending mode, C-OH in-off plane bending and C-OH out-of-plane bending, respectively [30] . A broad band in the region 2900 -3700 cm −1 can be explained as overlaping of physically absorbed water, O-H stretching modes and C-H stretching modes. C-H local vibrational modes between 2800 and 3100 cm −1 have been observed in a number of semiconductor such as amorphous silicon carbon (a-SiC:H), GaAs, and GaN [31] [32] [33] . In these materials the local vibrational modes are assigned to symmetric and antisymmetric C-H stretching modes.
To obtain information more clearly on the local vibrational modes correspond to OH modes we focalized our analysis on the infrared absorption range of interest, namely in a wave number range of 2900 -3700 cm . All spectra can be deconvoluted into two peaks around 2990 cm −1 attributed to CH stretching mode and 3400 cm −1 associated with physically absorbed water and O-H stretching modes (dashed line in Figure 7 ). An increase in dry temperature from 100˚C to 600˚C is seen to result in general decrease in the absorption peak height and in significant change of the spectral distribution. In particular a shift of absorption band to the higher wave number. Annealing the samples results in 535 lowering of the peak height and a shift of peaks maximum towards higher wave number even further and the absorption peaks are diminished as the samples were annealed at temperature annealing of 800˚C for 6 h. The spectra of the samples dried at higher temperatures as well as the samples annealed at annealing temperatures lower than 800˚C showed that OH band is still remained indicating that hydrogen remaining are chemically bonded to the oxygen in ZnO network. The total integrated absorption of the CH and OH stretching bands as a function of dry temperatures are plotted in Figure 8 . The integrated absorption is evaluated by the sum of absorption areas of the fits. As one may observe in Figure 8 , most of hydrogen atoms in our samples prefer to bond to oxygen atoms rather than carbon atoms. An increase in the dry temperature resulted in an overall decrease in the integrated absorption. This figure clearly showed that the dry temperature limits the incorporation of hydrogen atom bonded in the shape of OH as well as CH groups. This result is consistent with the ESR results describe previously. The influence of hydrogen incorporation on g-value in our ESR measurements shown in Figures 5  and 9 revealed that our ESR signal is dominated by paramagnetic centers due to oxygen sublattice.
Summary
In summary, a series of undoped nanocrystalline ZnO particles were synthesized using coprecipitation method at various dry temperatures. Some samples were annealed at annealing temperature up to 800˚C for 6 h. The properties of as-synthesized and annealed samples were characterized by various methods of measurements. XRD pattern for as-synthesized as well as annealed samples agree well with the standard XRD patern of ZnO with hexagonal wurzite structure. These results are consistent with the results obtained from EDX spectra. Moreover, all diffraction peaks revealed stronger peak intensities, indicating that the obtained ZnO particles have high crystallinity. The as-synthesized ZnO particles have an average of grain size 18 -23 nm, increased with increasing dry temperatures. UV-vis measurements showed the red shift in the optical absorption band with increasing average grain size. ESR spectra of our ZnO particles show the resonance of electron center with the g-value close to 1.96. We believed that this resonance due to the oxygen sublattices which were occupied with hydrogen atoms. A decrease of the g-value and an increase of the oxygen sublattices were observed with decreasing hy-
